Contraction during polymerization of resin generates stress in adhesion structures. This stress may lead to failure of the adhesion of the resin to an adherend such as a tooth, metal, or ceramic substrate. Several researchers [1] [2] [3] [4] [5] [6] [7] in operative dentistry have studied stress induced by polymerization shrinkage in a composite resin because the stress results in the formation of gaps between the cavity wall and the restorative composite resin or there may be crack formation in the tooth enamel near the cavity wall 8) , a so-called white margin, which may become the site of secondary dental caries. However, stresses due to polymerization shrinkage and thermal contraction of a heat-curing adhesive resins on metal frames have not attracted much attention in the field of prosthodontics.
INTRODUCTION
Contraction during polymerization of resin generates stress in adhesion structures. This stress may lead to failure of the adhesion of the resin to an adherend such as a tooth, metal, or ceramic substrate. Several researchers [1] [2] [3] [4] [5] [6] [7] in operative dentistry have studied stress induced by polymerization shrinkage in a composite resin because the stress results in the formation of gaps between the cavity wall and the restorative composite resin or there may be crack formation in the tooth enamel near the cavity wall 8) , a so-called white margin, which may become the site of secondary dental caries. However, stresses due to polymerization shrinkage and thermal contraction of a heat-curing adhesive resins on metal frames have not attracted much attention in the field of prosthodontics.
In powder-liquid curing, a heat-curing acrylic resin contracts by about 2% (linear) during polymerization and by about 0.6% during cooling from 100 to 20°C 9) . Large stresses are caused by the polymerization shrinkage and thermal contraction of an adhesive resin at the adhesion interface and it becomes the main factor giving rise to fractures at the adhesion interface. To understand the behavior of the residual stresses at the interface, observations of stress conditions are very important. However, the residual stress in an adhesive resin on a metal frame has not been measured.
Non-destructive methods, including for example an X-ray method, a magnetoelastic method [10] [11] , and an acoustic method 12) have been developed and are commonly employed to evaluate the residual stress. Among these methods, only the acoustic method is applicable to polymeric compounds. Furthermore the stress at the adhesion interface must be measured in a localized limited area. A scanning acoustic microscope (SAM) enables the visualization of the elastic properties of specimens by scanning a localized area of an object with focused acoustic waves. Some reports have successfully used a SAM to visualize and measure the mechanical properties of materials like ceramics and resins [13] [14] [15] [16] . It is possible to observe surface stresses if the small changes in surface acoustic wave (SAW) velocities that occur when a material is stressed could be measured. As a SAM enables analysis of stress in specific areas of a high polymer, a SAM was used to measure the residual stress in an adhesive resin of a metal-resin structure. The differences in the residual stresses in a resin were studied with and without adhesion between resin and metal in the present paper.
MATERIALS AND METHODS

Materials
Metal specimens for the residual stress analysis were made from stainless steel and 12 mass% Au-46 mass% Ag-20 mass% Pd-20 mas % Cu alloys (Castwell, GC, Tokyo, Japan). A heat-curing type acrylic resin containing 4-META (META-DENT, SUN MEDICAL, Tokyo, Japan, below named heat-curing 4-META resin) was used. Adlloy (Ga-Sn alloy) modification [17] [18] was used to achieve adhesion between the resin and the metal frame of the Au-Ag-Pd-Cu alloy as this modification is the only method established for heat-cured resins 19) with dental precious metal alloys. Residual stress measurements by SAM 1. Stress measurements by SAM The present study evaluated the stress condition at a heat-curing 4-META resin-metal adhesive interface by measurements of leaky surface acoustic wave (LSAW) velocities using a SAM (Hitachi-HSAM 1000S, Hitachi, Ltd., Tokyo, Japan). It is possible to establish the surface stress by measuring the minute changes in the LSAW velocity which occur when a material is subjected to stress.
Analysis of residual stress in the resin of metal-resin adhesion structures by scanning acoustic microscopy
The acoustic microscope illustrated in Fig. 1 consists of a longitudinal wave transducer mounted on a sapphire rod-lens coupled to a specimen surface with distilled water. The acoustic wave exited by a transducer passes through the sapphire lens and is focused through the coupling medium (distilled water) on to the specimen surface. The acoustic wave entered in a critical angle, θ R , to the optical axis propagates on the specimen surface as LSAW exiting on the coupling-specimen interface. The acoustic wave along the UP path in Fig. 1 shows a directly reflected wave at the specimen surface and the wave along the US path shows as LSAW. The wave traveling along path UP and propagating along path US returns to the transducer through the lens and causes the interference of the two components when moving the lens along to the Z axis (direction to the specimen surface). The transducer signal goes into the processing unit and the output voltage is a function of specimen properties and the lens-to-object distance Z. The resonant period modified by the voltage as a function of Z is called the V(Z) curve. The resonant period on the curve is closely related to the velocity of the LSAW propagating along the boundary of the water/specimen surface. The LSAW velocity, V R, is given by:
where ΔZ values is the oscillation interval of V(Z), VW is the acoustic wave velocity in water and f is the operating frequency 14) .
2. Relationship between LSAW velocity and stress in resin A three-point bending test was used to evaluate the changes in the LSAW velocity arising from the stress at the resin surface. The instrument used in the test can apply a maximum stress of 30 MPa, and the test was performed with a heat-curing 4-META resin specimen. The tensile stress, σ, was calculated by eq. (ii)
where P is the load applied, L the span length (35 mm), b the width (4 mm), and d the thickness (3 mm).
The velocity was measured at the bent surface during loading as suggested in Fig. 2 and the SAM was used with an operating frequency of 200 MH Z and a spherical beam lens.
3. Test specimens for stress measurements at the adhesion interface A stainless steel and a heat-curing 4-META resin were used as the specimens to measure the residual stress at the adhesion interface. The adhesion side of the stainless steel block (4×10×40 mm 3 ) was polished to a mirror-like finish using silicon carbide papers (#240, 400, and 600) followed by alumina slurry (3 and 0.05 μm). For the adhesion of the metal with a heat-curing 4-META resin (2 mm thickness), a dough-like mixture of a heat-curing 4-META resin was pressed on to the metal surface in a gypsum mold of a dental flask and cured in water at 65°C for one hour and then at 100°C for one hour. The specimens were removed from the dental flask after cooling in a room temperature for 12 h. After removing the specimen from the dental flask, the side of the specimen where the LSAW velocity is to be measured was polished to a mirror-like finish using silicon carbide papers (#240, 400, and 600) followed by alumina slurry (3 and 0.05 µm). The LSAW velocity was measured at the adhesion interface between the stainless steel and resin by moving the lens of the SAM in the direction of the thick arrow shown in Fig. 3 .
4. Stress measurements and crack observations in a heat-curing 4-META resin on a metal frame with retention holes A metal frame with retention holes was made by casting Au-Ag-Pd-Cu alloy in a 0.8 mm thick wax sheet with retention holes. The number of the retention hole of 2.5 mm in diameter was 0.12 holes/mm 2 . A 1.5 mm space for the resin (spacer) was made by a wax sheet on the adhesion side of the metal frame surface. The specimen with the spacer was invested in a dental flask with a stone. After setting the stone, the metal frame was removed from the flask and the adhesion side of the specimen was polished by alumina slurry. After polishing, the alloy specimen was treated with Adlloy modification of the surface for the adhesion. The alloy surface modified by Adlloy was covered with 2-6 nm of a Ga and Sn oxide film. This thin oxide layer plays an important role in the chemical bonding of the adhesive resin to the dental precious alloys 18) . After the modification, the specimen was inserted in the stone mold in the flask. Dough-like heat-curing 4-META resin was pressed in to the 1.5 mm-thick space on the metal frame and cured in water as described above. The surface of the resin for stress measurements was polished by alumina slurry (3 and 0.5 µm). The stress of the resin surface across the retention hole on two specimens, with and without Adlloy modification, was measured by the SAM and the measurements were repeated twice.
Cracks on the specimen surface were observed through the transparent heat-curing 4-META resin after immersing in red dye (PENETRAT DETECTOR, Cast Check, Shofu Inc., Kyoto, Japan) by a light microscope (Universal zoom microscope, AZ100, Nikon Inc., Tokyo, Japan).
RESULTS
Residual stress measurement by scanning acoustic microscope 1. LSAW velocity in resin as a function of stress intensity Figure 4 shows the relationship between the LSAW velocity and stress measured on the tension side in the three-point bending test. The relationship of the LSAW velocity, V R, and the stress, σ, is represented by eq. (iii).
The V R was about 2,716 m/s without stress applied and the VR decreases with increases in the stress. Figure 5 shows a typical pattern of results with several repeated measurements of the LSAW velocity distribution in the resin at the stainless steel-resin interface, measured in the direction of the thick arrow in Fig. 3 . The distance zero shows the adhesion interface and Fig. 5 shows that the LSAW velocity increases up to about 70 μm from the adhesion interface. The V R at the adhesion interface may be extrapolated to be 2,525 m/s with Fig. 5 . A tensile residual stress of about 58 MPa may be assumed to be imposed near the adhesion interface by eq. (iii).
Stress measurements at the adhesion interface
3. Residual stress measurements and crack observations in heat-curing 4-META resin on a metal frame with retention holes Figure 6 shows the specimen with retention holes after the curing of a 1.5 mm thick heat-curing 4-META resin, showing that the specimen curves slightly. Figures 7  and 8 show cracks appearing through the transparent resin. Figure 7 shows vertical cracks without Adlloy modification of the alloy surface and Fig. 8 shows cracks around the retention holes with the Adlloy modification. Figure 9 shows light microscopic enlargements of parts of the specimens in Figs. 7 and 8 immediately after immersion in red dye: (a) focused on the resin surface and (b) focused on the resin-metal interface with the non-adhesive specimen (Fig. 7) ; (c) focused on the resin surface and (d) focused on the adhesion interface with the adhesion specimen (Fig. 8) . The interfaces appear red due to penetration of red dye on the non-adhesive specimen and silvery white (no penetrating red dye) on the adhesion specimen. The cracks in both specimens started from the interface between the resin and metal and did not reach the resin surface. Figure 10 shows typical LSAW velocity changes on a resin surface crossing a retention hole (a) for Fig. 7 (without adhesion) and (b) for Fig. 8 (with adhesion): the V R at the center of the retention hole on (a) and (b) were 2,660 and 2,636 m/s, with eq. (iii) indicating that the residual tress, σ, of (a) and (b) were 17 and 24 MPa, respectively. The stress value on the resin surface in the center of the retention hole with the adhesion specimen was higher than that with the non-adhesive specimen.
DISCUSSION
Komatsu studied shrinkage stress influenced by cavity shapes and analyzed the stress distribution in a composite resin by the finite element method 5) . Nemoto et al. designed apparatus for measuring shrinkage stress during hardening of a composite resin 6) , but there has been no report of the residual stress measurements in a resin at the metal-resin adhesion interface focusing on dental use application. In the present study, an acoustic microscope was used to measure the residual stress at the metal-resin adhesion interface. The metal frame is bent by polymerization shrinkage and thermal contraction of the resin. When the bent metal frame recovers to the original flat shape by elastic recovery, tensile stress is generated on the surface of the resin. Fig. 12 Illustrations to elucidate the mechanisms of crack formation shown in Fig. 9 : (a) non-adhesive specimen and (b) adhesion specimen. Fine arrows indicate the direction of tensile stresses caused by the polymerization shrinkage and thermal contraction of the heat-cured resin. Fig. 13 Cracks observed in the heat-curing 4-META resin with a metal frame simulating dentures.
A reflection-type acoustic microscope was used to measure x-z images in the late 1980s 12) . In recent years, the SAM has been used to visualize and determine the mechanical properties of materials such as glass, ceramics, and resins [13] [14] [15] [16] . Narita et al. measured residual stress in silicon nitride ceramics jointed to a metal 16) . Obata et al. studied uni-axial and bi-axial stresses of PMMA with the LSAW velocity. With PMMA, it has been reported that the LSAW velocity is proportional to the tensile stress in the region from σ=0 to almost the fracture stress 14) . As shown in Fig. 4 , the LSAW velocity decreases linearly with increasing tensile stress measured on the tensile side of the heat-curing 4-META resin specimen by the three-point bending test. The study here obtained the residual stress as about 58 MPa at the adhesion interface by eq. (iii). The tensile residual stress was determined within the narrow 70 μm region near the adhesion interface as shown in Fig. 5 . This is the first study to analyze residual stresses at the adhesion interface in the field of dental materials. Such residual stress caused by the polymerization shrinkage and thermal contraction may act as a driving force to cause separation at the adhesion interface. Figure 11 shows how the tensile stress is generated on the surface of a resin. After curing of the resin on the metal frame, the length of the resin is shorter than that of the metal frame due to polymerization shrinkage and thermal contraction, resulting in bending of the metal frame. When the bent metal frame recovers to the original flat shape by elastic recovery, the result is generation of tensile stress on the surface of the resin. Figure 12 shows illustrations to elucidate the mechanisms of the crack formation shown in Fig. 9 : Fig.  12 (a) is the case of a non-adhesive specimen and Fig. 12  (b) is for an adhesion specimen. Fine arrows in the resin in Fig. 12 show the direction of polymerization shrinkage and the thermal contraction of the resin in the retention hole. The constraint condition of the polymerization shrinkage and the thermal contraction in (a) differs from that in (b). As shown in Fig. 9 (b) and (d) , the difference on the constraint condition also shows on the spaces (indicated by the white arrows) between the retention hole periphery and the resin inserted in the hole. The space in Fig. 12 (a) is for one side as suggested by Fig. 9 (b) and the space in Fig. 12 (b) is even-spaced around the retention hole as suggested in Fig. 9 (d) .
In the case of the non-adhesive specimen ( Fig. 12  (a) ), the longitudinal direction of the polymerization shrinkage and thermal contraction of the upper part of the resin is restricted by the retention holes. The resin in the retention hole could be freely contracted. In the adhesion specimen (Fig. 12(b) ), the longitudinal direction of the polymerization shrinkage and thermal contraction is restricted by the adhesion interface. The contraction of the resin in the retention hole is not free due to being constrained by the adhesion between resin and metal, resulting in the tensile stress being induced in the resin of the adhesion interface near the hole. The contraction gap of the resin in the hole is formed uniformly with the hole as shown at the white arrow in Fig. 9(d) , resulting in the formation of ring like cracks around the retention hole. In addition to the moment generated by the elastic recovery of the metal frame, a higher tensile stress on the surface of the resin in the retention holes is generated than that of the nonadhesive specimen.
Results supporting this scenario were obtained by measurements of the LSAW velocity shown in Fig. 10 . In Fig. 10(b) curve, the contraction of the resin in the hole is restricted by the adhesion interface, with the result that a larger tensile stress remaining in the resin surface in (b) than in (a) where there is no adhesion.
The stress induction in the resin after polymerization is known to cause crack formation in the resin when dentures are immersed in alcohol 20) as shown by the cracks in Fig. 13 . The stress due to polymerization shrinkage plays the role of a driving force in separating the resin from the adherend interface and increases the potential for degradation of the adhesion interface with water penetrating to the interface during long-term usage in the oral cavity. Use of monomers which expand during polymerization would greatly reduce the stress induced at the interface. Such expanding monomers have been synthesized [21] [22] , but they can not be used in dental applications. For polymerization shrinkage to be minimized, the resin must have monomer components which will all efficiently engage in cyclopolymerization processes while maintaining an adequate crosslink density in the resulting polymer, however there is yet no remarkable achievement at present 23) .
CONCLUSION
The present study carried out an experiment to determine using a scanning acoustic microscope (SAM) residual stresses at the adhesion interface between the alloy and a heat-curing 4-META resin. Large residual stresses caused by polymerization shrinkage and thermal contraction of a heat-curing 4-META resin were imposed at the adhesion interface and become the main factors in fractures of the adhesion structures. The results obtained may be summarized as follows:
1. For the adhesion of the heat-curing 4-META resin on a stainless steel block, the LSAW velocity decreased to within 70 μm of the resinmetal interface, indicating that tensile stresses were imposed near the adhesion interface. The maximum tensile stress at the interface was about 58 MPa. 2. A metal frame with retention holes covered by the heat-curing 4-META resin showed many linear cracks in the resin vertical to the longitudinal direction of the metal frame after the curing of the heat-curing 4-META resin, without adhesion between the metal frame and resin, but ring-like cracks occurred in the resin around the retention hole with adhesion. The stress value on the resin surface at the center of the retention hole with the adhesion specimen was higher than that with the non-adhesive specimen.
